Changes in apparent pH occurring during fast freezing of aqueous buffer solutions and cooling to -196°C were studied by various semiquantitative methods, including simple visual measurements of colour changes with pH indicators, as well as measurements of pH-dependent changes in the e.p.r. (electron paramagnetic resonance) spectra of solutions of three different metalloenzymes. It is concluded that apparent pH changes of up to about 3 pH units may occur under particular conditions. Such changes were independent of the time taken to freeze the samples, when this was varied from about 3 ms to 20s, but were affected by the presence of some proteins in solution. Recommendations on the buffers that should be used to avoid such apparent pH changes in e.p.r. spectroscopy and other low-temperature biochemical work are made. Phosphate and pyrophosphate buffers, which gave large decreases (2-3 pH units), and Tris, which under some conditions gave increases of about the same magnitude, are to be avoided. Certain zwitterionic buffers such as Bicine [NN-bis-(2-hydroxyethyl)glycine] are satisfactory. Apparent pH effects were found to depend on buffer and protein concentration. It is therefore recommended that as a prelude to future detailed low-temperature biochemical work, appropriate tests with an indicator system should be performed.
Investigations of biological molecules by physical methods are frequently carried out at low temperatures in frozen aqueous solutions (for early studies see, e.g., Keilin & Hartree, 1949) . Such work, which may be performed at temperatures <4.2K, includes e.p.r.* spectroscopy, Mossbauer spectroscopy, optical spectroscopy and measurements of magnetic susceptibility and magnetic circular dichroism. It is well known that freezing is likely to modify systems under study in some way, and that therefore direct correlation between results obtained at ambient temperatures in solution and results obtained in the frozen state may not always be possible. Nevertheless, it is surprising how few systematic studies on the effects of freezing have been carried out. pH changes occurring in buffers dissolved in unfrozen mixtures of water and organic solvents ('antifreeze' solutions), on cooling to temperatures down to -50°C, have been reported (Hui Bon Hoa & Douzou, 1973; Maurel et al., 1975) , but are not directly relevant to the situation in frozen solutions. In connexion with the frozen-foodstuffs and pharmaceuticals industries, studies on pH changes in the residual liquid phase resulting from phase separation during very slow freezing of aqueous buffers and cooling to temperatures in the region of -20°C have been reported (see, e.g., Van den Berg, 1966; Larsen, 1973) . Such results are not necessarily relevant to biochemical e.p.r. studies, for example, where fast freezing is usually used, so that supersaturation rather than phase separation would be expected. Here, freezing times are generally in the range of 20s to approx. 3ms (Bray, 1961; Bray et al., 1973; .
In the present work, apparent pH changes occurring on fast freezing of aqueous buffer solutions have been studied in several ways as part of an e.p.r. study. We present semiquantitative observations of apparent pH changes during the freezing of buffer solutions containing pH-sensitive dyes or pH-sensitive paramagnets ('e.p.r. chromophores'). Because of the complexity of the systems studied, it is not yet possible to make precise measurements or to determine the exact mechanism of the observed effects. We The total time taken with this procedure was about 20s, corresponding to an initial cooling rate of approx. 20°C/s. The second procedure was the 'rapid freezing' method of Bray (1961) (see also Bray et al., 1973) that involves squirting the solution into cold isopentane. Freezing times with this method (as measured by the time required to stop a particular test reaction) can be as short as approx. 3 ms (Bray et al., 1973; ; see also . Bovine liver catalase was from Sigma Chemical Co., Kingston-upon-Thames, Surrey, U.K. (grade C-40); human erythrocyte catalase was isolated as described by Saha et al. (1964) with final purification on DEAE-cellulose (Whatman; DE-52) and Sephadex G-1 50. Xanthine oxidase was prepared and reduced with salicylaldehyde as described previously (Cammack et al., 1976; 
Studies with mixed indicators
We first describe some simple experiments in which pH-indicator molecules served as the chromophores whose ionizations were monitored in a series of frozen samples. We found, on freezing a series of buffer solutions containing mixed indicators and cooling them to the temperature of liquid N2, that quite large variations in the apparent pH as indicated by the colour of the frozen solution, took place, with the sign and magnitude of the apparent pH change depending markedly on the nature of the buffer (see Table 1 ). Although with some buffers ApHapp. was small, with others it was quite large, ranging from about +2 to -2 or -3.
Samples showing large increases were mainly cationic buffers and those showing large decreases were anionic buffers, whereas the zwitterionic buffers, apart from Taps, gave smaller changes.
In general, on cooling buffers in liquid solution below 0°C, only increases of pH are expected (Hui Bon Hoa & Douzou, 1973) . These increases are relatively small for anionic buffers (e.g. phosphate buffer in aqueous 50 % methanol has ApH/°C = -0.003 in the temperature range +20°C to -50°C), but larger for cationic ones. Temperature coefficients for the pK values of common indicators in solution are comparable in magnitude with those of common buffers (Benkenkamp & Rieman, 1975; Hui Bon Hoa et al., 1970) . These considerations do not, however, affect comparison of one buffer with another or our definition of pHapp..
In our experiments, the apparent pH change for a given buffer was found (Table 1) (1976) and ] to measure the apparent pH change resulting from freezing each of the buffers (see the Materials and Methods section for further details). In Fig. 1 apparent pH values calculated in this way are compared with those obtained for the same buffers by using the mixed-indicator procedure. Despite the rather arbitrary numerical assumptions, the generally good agreement strongly supports the proposal that the buffer effects of Cammack et al. (1976) on the flavin of xanthine oxidase were in reality the result of apparent pH changes, of about the magnitudes revealed by the indicator studies, which occurred on freezing and cooling the samples.
Catalase
Catalase binds a number of small molecules, such as formate, nitrite, acetate and fluoride, to produce characteristic changes in its optical and e.p.r. spectra. The pH-dependence of binding indicates that the free acids are bound (Chance, 1952) . In a study of the e.p.r. spectra of catalase complexes at 9.0K (Williams-Smith & Patel, 1975 ) the dissociation constant for catalase-formate was 1.0 ± 0.5 mm for bovine liver and human erythrocyte catalases, when the pH before freezing was 7.0-7.4, at 2-20°C in 0.25M-Hepes buffer. In 0.01 M-sodium phosphate, and at similar pH values before freezing, the dissociation constant was two orders of magnitude lower. This is consistent with ApHapp.
being lower by 2pH units in sodium phosphate buffer than it is in Hepes buffer, in agreement with the indicator results. This effect of phosphate on the dissociation constant was abolished by high concentrations of albumin (170mg/ml). Comparable effects of phosphate were obtained when studying nitrite binding to catalase. Nitrate reductase E.p.r. has been widely used in investigations of quinquivalent molybdenum in enzymes (see Bray, 1975) . Recent studies on nitrate reductase from E. coli K12 (S. P. Vincent & R. C. Bray, unpublished work) show that the major form ofthis enzyme gives a simple rhombic molybdenum signal with gay. 1.976 at high pH values, that changes to a proton-split rhombic signal with ga. 1.983 when the pH is lowered. Typical spectra at different pH values (measured at 20°C) in a number of buffers are shown in Fig. 2 , arranged in order of increasing proportions of the high-pH form, as judged particularly from the features at the high-field end of the spectrum. This sequence is also, in general, that of increasing initial pH, and the data are consistent with an apparent pK for the transformation between the two species of about 8.2 (S. P. Vincent & R. C.
Bray, unpublished work). However, as shown in Fig. 2(a) 
Cu2+-EDTA complexes
In search of a non-enzymic system for measuring changes of apparent pH in frozen solution by e.p.r., we carried out some studies on Cu2+-EDTA complexes. Though these have so far been only partly successful, some results seem relevant. The spectrum of Cu2+-EDTA in frozen solution under most conditions is rather complex and consists of at least two species. One species which predominates at low pH values has g, about 2.34 (Hathaway et al., 1969) . As shown in Fig. 3 , when the pH (measured at 20°C) is raised within the range pH3.5-6.0, another species with a lower value of gn increases in intensity. Computer studies based on the known values of the dissociation constants (Sill6n & Martell, 1971; Johansson & Wanninen, 1975) show that only two species are present in substantial amounts in this pH range, these being Cu-H-EDTA and Cu-EDTA. These species are predicted to be present in equal amounts at a pH value of 3.0-3.1. Our data in Figs. 3(a)-3(d) obtained at low ionic strengths in EDTA as buffer indicate an apparent pK for this transformation, under our conditions and measured in the frozen state, of about 4, corresponding to a ApHapp. of about +1. Spectra from Cu2+-EDTA were sharper but otherwise similar if the ionic strength was raised, either by increasing the EDTA concentration (Figs. 3e and 3f ) or by addition of NaCI. Addition of ethylene glycol, up to a concentration of 50%, also sharpened the signals, but, as may be predicted from thework of Douzou (1974) , the solvent had little effect on the apparent pK, as indicated by the relative intensities of the two g,, signals.
Introducing buffers into the system had effects that depended on the pH and the nature of the buffer. Figs. 3(i) and 3(j) show that pyrophosphate, pH6.0, and Mes, pH5.5, gave spectra not differing very greatly from those expected at high ionic about-150°C. In all cases the Cu2+ concentration was 0.4mm. pH values (at 20°C) were adjusted to those indicated. In (a)-(f), EDTA served as the buffer, whereas in (g)-{j) additional buffers were present.
The rapid-freezing procedure of Bray et al. (1973) was used for (g) with sodium phosphate buffer; in other samples freezing in liquid N2 was used. strengths. However, other spectra in phosphate, pH6 (Fig. 3g) , or still more noticeably, in pyrophosphate, pH 5 (Fig. 3h) The spectra illustrated in Fig. 3 were all integrated and there was no loss of signal intensity, despite the relatively high concentrations of metal (0.4mM) used. Thus it is unlikely that dipolar broadening due to solute aggregation occurred (Ross, 1965 Larsen (1973) have made measurements of pH changes on cooling common buffers to about -20°C. This they did by monitoring (e.g. with a pH electrode containing 'antifreeze') the pH of the liquid phase during phase separation at extremely slow cooling rates (about 0.002'C/s), to avoid supersaturation. In several buffer systems, large changes in pH were observed during phase separation. For phosphate this could be attributed to the lower solubility ofNa2HPO4 compared with NaH2PO4. As the temperature is lowered, Na2HPO4 preferentially precipitates, leaving a higher NaH2PO4 concentration in the residual liquid phase and a lower pH. Since in our experiments we would expect that the high solubility of Vol. 167 our enzymes would ensure that they remain in the liquid phase, such a mechanism could account for our observations of lowered pHapp. in sodium phosphate buffers. However, the rapid rates of freezing that we have used (manual freeze, about 20°C/s; rapid freeze, 5000-20000'C/s) will in general lead to incomplete phase separation (supersaturation). Our results for slow freezing to -20°C for sodium phosphate and potassium phosphate, as well as for Tris, are in agreement with those of Larsen (1973) . However, with fast freezing the parallelism sometimes breaks down. Thus, in particular, from the results of Larsen (1973) it can be predicted that potassium phosphate, unlike sodium phosphate, should show only small positive pH shifts, since the solubilities of the relevant potassium salts are similar. As shown in Tables 1 and 2 , an apparent fall in pH of up to 1 .7 pH units was nevertheless observed in our system for potassium phosphate. Conversely, we found that apparent pH decreases with sodium phosphates were rather smaller with fast freezing than they were with slow freezing.
Further work will be required, particularly studies with single species (pH indicators or chromophores in macromolecules) having well-established pK values to put our findings on a firmer quantitative and theoretical basis. Conclusion
There is good parallelism between ApHapp. values obtained by e.p.r. spectroscopy and those obtained with indicators. Thus it would appear that the very simple expedient of using indicator solutions can be an approximate guide to apparent pH changes. We therefore recommend that when weakly coloured enzymes or other samples are used for low-temperature studies, preliminary tests should be carried out for such effects of freezing on apparent pH. In protein solutions the changes in apparent pH may be somewhat different from those when only buffer and indicator are frozen, as is shown particularly by our experiments with albumin. Also, the effects of buffer concentration, and no doubt that of other salts as well (cf. Larsen, 1973) 
